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157] ABSTRACT

A system and method for closed loop control of a pres-
sure-activated variable geometry turbocharger (VGT)
for use in internal combustion engines, such as heavy
duty diesel engines, provides sensors for detecting both
intake manifold boost pressure as well as VGT actuator
pressure. Sensors are also provided for detecting vari-
ous engine operating parameters. Target VGT actuator
pressures and target intake boost pressures are read
from look-up tables according to the engine operating
parameter values. Closed loop control of VGT geome-
try is effected based upon either VG'T actuator pressure
error or intake manifold boost pressure error as a func-
tion of engine operating mode, e.g., steady state or
transient state operation. Turbine overspeed protection
and adaptive compensation for transient state control
are also performed.

12 Claims, 4 Drawing Sheets
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CONTINUOUSLY PROPORTIONAL VARIABLE
GEOMETRY TURBOCHARGER SYSTEM AND
METHOD OF CONTROL

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to vanable
geometry turbine control systems, and more particu-
larly to variable geometry turbocharger (VGT) systems
and control thereof for use in internal combustion en-
gines, and especially heavy duty diesel engines.

2. Background and Pnior Art

Turbochargers are conventionally used in internal
combustion engines to increase the amount of injected
intake air so as to increase the output of the engine. In
general, the turbocharger consists of a turbine wheel
mounted in the exhaust manifold of the engine and a
compressor coupled to the turbine wheel and mounted
in the intake manifold of the engine. As exhaust gases
flow past the turbine wheel it is rotated, causing the
compressor to also rotate which increases the pressure
of the intake air being charged into the engine cylinders,
mixing with fuel and thereafter undergoing combustion.

A known objective with turbocharger design is the
attainment of efficient operation over the entire rpm
range of the engine. For example, if a turbocharger is
designed to provide maximum torque at low engine
speeds, at high engine speeds the turbine wheel will
rotate at an excessive speed, eventually causing damage
by supplving too much air to the engine, and causing
excessive wear of the turbocharger parts. On the other
hand, if a turbocharger is provided to operate most
efficiently at high engine speeds, the efficiency of the
turbocharger will be undesirably low when the engine
is running at low speeds.

Variable geometry turbochargers or VGTs are usu-
ally provided with control of the configuration of the
turbine scroll or throat to vary the velocity of exhaust
gases flowing past the turbine wheel, or control of the
turbine vane angle to vary the amount of exhaust gases
“caught” by the turbine. Thus, by suitably changing the
turbine configuration according to the engine operating
state, more efficient turbocharger operation can be real-
ized over a wider rpm range.

Various control regimes for VGTs are known in the
art. See, U.S. Pat. Nos. 4,756,161, 4,769,994, 4,660,382,
and 4,741,163. Such systems typically adjust VGT ge-
ometry based on engine speed or engine load (fuel quan-
tity), or on supercharging pressure.

However, there remains a need for improvement in
optimizing control of VGT configurations taking into
account engine operational states, to achieve even
higher efficiencies of operation.

SUMMARY OF THE INVENTION

The present invention provides a continuously pro-
portional VGT system and method of control which
achieves superior performance charactenistics over
prior VGT control systems, resulting in greater fuel
economy, improved vehicle acceleration, and increased
exhaust emission control.

The continuously proportional VGT system and con-
trol method of the present invention optimizes the ge-
ometry of the turbocharger turbine based on several
engine operating parameters which are measured by
sensors. The present invention provides a system in
which the operational state of the engine is determined

10

15

20

25

30

35

45

50

55

65

2

from outputs of the sensors, and closed loop control of
the VGT geometry is performed based on a specific
error correction value as a function of whether the
engine is in a steady state or transient state mode of
operation.

The continuously proportional VGT system of the
present invention also provides for an improved method
of turbine overspeed control, which eliminates the need
for barometric pressure sensors conventionally used for
this purpose.

The continuously proportional VGT system of the
present invention further provides for “learned” com-
pensation of error correction values during actual
closed loop control of VGT geometry, thus taking into
account variations and changes in characteristics
among the various physical components of the VGT
system over its operational life, as well as variations
occurring as a result of specific operating environment
conditions.

The present invention is realized by providing a sys-
tem for performing closed loop control of a variable
geometry turbocharger (VGT) utilized in an internal
combustion engine, comprising VGT actuator means
for changing the geometric configuration of the VGT
in response to0 an actuator control signal sensor means
for detecting selected engine operating parameters in-
cluding a VGT actuator parameter and an engine intake
manifold parameter, and generating output signals rep-
resentative thereof means for outputting a target VGT
actuator parameter value and a target intake manifold
parameter value based on the values of selected sensor
means output signals means for determining whether
the engine is in a steady state or a transient state of
operation based on the values of selected sensor means
output signals, and means for developing an actuator
control signal based on one of said target parameter
values as a function of the determined engine operating
state.

The present invention also provides a closed loop
method for continuously controlling a varnable geome-
try turbocharger (VGT) utilized 1n an internal combus-
tion engine, comprising the steps of detecting selected
engine operating parameters including a VGQT actuator
parameter and an engine intake manifold parameter and
generating output signals representative thereof, out-
putting a target VGT actuator parameter value and a
target intake manifold parameter value based on the
values of selected sensor means output signals, deter-
mining whether the engine 1s 1n a steady state or a tran-
sient state of operation based on the values of selected
sensor means output signals, developing an actuator
control signal based on one of the target parameter
values as a function of the determined engine operating
state, and changing the geometric configuration of said
VGT in response to the actuator control signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully under-
stood from the detailed description given herein below
and the accompanying drawings which are given by
way of illustration only, and are not hmitative of the
present invention, and wherein:

FIG. 1 is a block diagram illustrating one preferred
embodiment of a continuously proportional VGT sys-
tem according to the present invention;

FIG. 2 is a component block diagram illustrating
details of the electronic control module 15 of FIG. 1;
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F1G. 3 1s a flow chart illustrating a preferred embodi-
ment of the operation of the electronic control moduie
15; |
FIG. 4A is a block diagram for explaining the opera-
tion of the solenoid valve modulator 31 of FIG. 2; and
FIG. 4B is a graph illustrating the supply voltage
characteristics taken into account by the solenoid valve

modulator 31 in calculating an optimum time command
value for VGT control.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention will now be described in detail
with reference to the drawings.

Referring to FIG. 1, a vanable geometry turbo-
charger 3 is mounted on the exhaust manifold (not
shown) of an internal combustion engine 1, which may
be a heavy duty diesel engine, gasoline engine, or any
other equivalent type of engine.

A VGT actuator 4 is mounted on the turbocharger 3
and includes a pressure-activated piston which is me-
chanically linked to a VGT arm 5§ located within turbo-
charger 3. Modulated air pressure 1s supplied to actua-
tor 4 through supply line 6, and pneumatically controls
the position of the piston, which in turn moves the VGT
arm 5 to change the geometric configuration of the
turbocharger.

The air pressure in supply line 6 is controlled by
actuator controller 10 which includes a pair of solenoid
valves 8 and 9. An air supply is provided at an inlet port
of the actuator controller 10, and the maximum allow-
able air pressure 1s regulated by an air pressure regula-
tor or governor 12. The maximum pressure setting may
be varied in the governor 12 according to the specific
type of VGT actuator and solenoid valves employed 1n
the system.

The VGT actuator pressure is monitored by actuator
pressure sensor 16 mounted on controller 10, which
inputs a signal representative of the actuator pressure to
electronic control module 15. The control module 135
may be configured to provide control functions for the
entire vehicle including engine operation, performance
and safety features, as well as diagnostics, or may be
configured to solely control the operation of the VGT.

The pressure in the actuator 4 i1s controlled by the
control module 15 through operation of the solenoid
valves 8 and 9. Increased air pressure is obtained by
controlling the on-time of supply solenoid valve 9 with
a control signal on line 17, and air pressure in the actua-
tor 4 is decreased by controlling the on-time of exhaust
solenoid valve 8 with a control signal on line 18. The
control signals on lines 17 and 18 may be pulse width
modulation (PWM) signals, for example, the width or
duty cycle of which determines the on-times for the
solenoid valves 8 and 9.

It is to be noted that although the described embodi-
ment utilizes air pressure to control the actuator piston,
in certain applications engine o1l pressure may be used
in place of air pressure. Similarly, the solenoid valves 8
and 9 may be replaced by any suitable equivalents such
as linear actuators for controlling flow of fluid pressure.

Intake manifold boost pressure is detected by pres-
sure sensor 7 which is mounted in the engine intake
manifold 2 and provides an input signal representative
of the intake manifold boost pressure to the control
module 13.

A crankshaft speed sensor 13 1s mounted adjacent the
engine crankshaft and inputs a signal on line 23 indica-
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tive of the engine speed in rpm to the control module
15. A fuel delivery amount sensor 14 inputs a signal on
line 22 which represents the amount of fuel delivered to
the engine, which is indicative of engine load. Sensor 14
can be mounted, for example, proximate the fuel rack of
the fuel injection pump to detect the position of the rack
and therefore the amount of fuel being injected into the

engine. Engine coolant temperature 1s detected by tem-
perature sensor 38 which provides an input signal 40

representative of the engine coolant temperature to the

control module 15.

Referring to FIG. 2, the closed loop control of the
present invention determines the optimal turbocharger
geometry according to the engine’s operating state
based on selected engine operating parameters. Optimal
VGT geometry is directly related to intake manifold
boost pressure and VGT actuator pressure. In the pres-
ent embodiment, optimal or “target” intake manifold
boost pressures and VGT actuator pressures are prede-
termined in advance over the entire operating range of
particular engine and VGT types, and are stored in a
pair of look-up tables 20 and 21 as a function of engine
speed and engine load.

These target values are read out of the Jook-up tables
in response to the engine speed signal on line 23 and the
engine load signal on line 22 applied at input terminals
of the look-up tables, and are compared with the actual
VGT actuator pressure and intake manifold boost pres-
sure values from sensors 16 and 7 respectively, in first
and second anithmetic circuits 24 and 25, which operate
on the inputted values to generate a VGT actuator
pressure differential signal A 4p=[target VGT actuator
pressure—actual VGT actuator pressure] and an intake
manifold boost pressure differential signal App=[target
intake manifold boost pressure—actual intake manifold
boost pressure]. The actual VGT and intake boost pres-
sure signals are provided through low pass filters 36 and
37 to eliminate noise from other parts of the engine from
interfering with the signals.

Engine operation state selector 27, which can be a
microprocessor-based circuit for example, determines
the operational mode of the engine based on threshold
values of any one or any combination of a number of
engine operating parameters such as engine load, engine
speed, coolant temperature, intake boost pressure, rate
of change of engine load, rate of change of engine
speed, or rate of change of intake boost pressure. For
example, the coolant temperature may be detected by a
sensor 38 mounted in the cooling system.

Based on the determined operating state of the en-
gine, closed loop control will be performed using either
A4p or Agp. In the preferred embodiment, control of
VGT geometry is performed based on Agp when the
engine is in a steady state, and 1s based on A 4p when the
engine 1s in a transient state.

The appropriate differential signal is inputted to PID
(proportional-integral-differential) controller 28 from
state selector 27. PID controller 28 performs a PID
operation on the differential signal to produce a time
command signal on line 29, which in the preferred em-
bodiment is a PWM signal for controlling the on-time of
solenoid valves 8 and 9. Specifically, either the supply
valve 9 or the exhaust valve 8 will be controlied depen-
dent upon whether the differential signal is positive or
negative (indicating whether the actual pressure 1s
lower or higher than the target pressure).

The solenoid valve response to the PWM time com-
mand control signals 1s subject to variation as a function
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of power supply voltage and the pressure of the VGT

actuator. An example of such characteristics 1s illus-
trated in the graph of FIG. 4B. The power supply volt-
age may vary as a result of changes in the battery charg-
ing system, the power supply condition, and the like. In
order to compensate such solenoid valve response, sole-
noid valve modulator 31 receives as input signals the
PWM time command control signal 29 from PID con-
troller 28, the VGT actuator pressure from sensor 16,
and a power supply voltage signal on line 30, as shown
in FIGS. 2 and 4A. Solenoid valve modulator 31 may
also be constituted by a microprocessor. The solenoid
valve modulator 31 alters the time command control
signal 29 from PID controller 28 in accordance with the
characteristic curves of FIG. 4B to produce optimized
PWM control signals on lines 17 and 18 which are in-
putted to the actuator controller 10 incorporating sole-
noid valves 8 and 9. |

Operation of the electronic control module 15 is ex-
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plained by the flow chart of FIG. 3. At the start of 20

every loop, engine parameters are read and stored by
the engine operation state selector 27. The selector then
compares the current engine parameter values with the
engine parameter values read and stored in the previous
loop or with fixed thresholds. Based on the results, the
engine is determined to be in either the steady state or a
transient state, and the appropriate differential signal is
sent to PID controller 28 for generation of an appropri-
ate time command control signal.

In variable geometry turbochargers, 1t is possible to
overspeed and thus damage the turbine when optimal
intake boost pressure is not reached, such as at high
~ altitudes where ambient pressure is relatively low. In
order to achieve high altitude overspeed protection,
barometric pressure sensors have been conventionally
used. The present invention eliminates the need for such
a sensor by providing overspeed protection computa-
tional functions in the state selector 27. Overspeed pro-
tection is performed during the steady state control
mode as the error in intake boost pressure approaches
but is not at zero. Under such conditions, the VGT
actuator differential signal A4p, representing the error
in VGT actuator pressure, is compared with a maxi-
mum negative error €. If A 4pis greater than e, this indi-
cates that the turbine may be rotating at an excessive
velocity, and an appropriate response is made, such as
setting the VGT to a maximum safe speed configura-
tion. If Ag4pis less than €, the control module operation
will continue to cycle through the closed loop.
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Another important function of the control system of 50

the present invention is the ability to “learn” additional
compensation values for the optimal VGT actuator
pressure to further optimize transient state control.

Since the object of control is to reach optimal intake
boost pressure under engine steady state operation,
optimization of VGT actuator pressure under transient
state control to correspond to optimal intake boost
pressure under steady state control will compensate for
variations among different solenoids, turbochargers,
mechanical linkages, and the effects of wear on system
components over time.

Thus, the learned compensation values are deter-
mined under steady state control when the target intake
manifold boost pressure has been reached, in other
words, Agp=0. In such case, the error value A 4pat such
time as read by state selector 27 is mapped into an «-
table 39 in conjunction with the current engine speed
and engine load. The a-table 39 may be constituted by
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6
an EEPROM, a RAM, or other suitable semiconductor
memory matrix. During transient state control, the
learned compensation values in a-table 39 may be added
to A4p in order to further optimize the target VGT
actuator pressure.

The invention having been thus described, it will be
obvious to those skilled in the art that the same may be
varied in many ways without departing from the spirit
of the invention. Any and all such modifications are
intended to be included within the scope of the follow-
ing claims.

What is claimed 1is:

1. A system for performing closed loop control of a
variable geometry turbocharger (VGT) utilized 1n an
internal combustion engine, comprising:

VGT actuator means for changing the geometric
configuration of said VGT in response to an actua-
tor control signal;

sensor means for detecting selected engine operating
parameters including a VGT actuator parameter
and an engine intake manifold parameter, and gen-

erating output signals representative thereof;

means for outputting a target VGT actuator parame-
ter value and a target intake manifold parameter
value based on the values of selected sensor means
output signals;

means for determining whether said engine is in a

steady state or a transient state of operation based
on the values of selected sensor means output sig-
nals; and

means for developing an actuator control signal based

on one of said target parameter values as a function
of the determined engine operating state.

2. A system for performing closed loop control of a
variable geometry turbocharger according to claim 1,
wherein, in addition to said VGT actuator and intake
manifold parameters, said engine operating parameters
are selected from the group consisting of engine load or
fuel delivery amount, engine speed, engine coolant tem-
perature, intake manifold temperature, and engine
throttle position.

3. A system for performing closed loop control of a
variable geometry turbocharger according to claim 2,
wherein said VGT actuator parameter is pressure, said
intake manifold parameter 1s air pressure, and said VGT
actuator means comprises a pressure-controlled piston
for changing the position of a-VGT arm of said VGT
which varies the velocity of exhaust gases flowing past
a turbine of said VGT, and pressure control means
responsive to said actuator control signal for varying
the pressure applied to said piston.

4. A system for performing closed loop control of a
variable geometry turbocharger according to claim 3,
wherein said pressure control means comprises at least
one solenoid valve, and said VGT actuator pressure 1s
air pressure.

5. A system for performing closed loop control of a
variable geometry turbocharger according to claim 4,
wherein said pressure control means comprises a supply
solenoid valve for increasing air pressure applied to said
piston and an exhaust solenoid valve for decreasing air
pressure applied to said piston.

6. A system for performing closed loop control of a
variable geometry turbocharger according to claim §,
wherein said actuator control signal 1s a pulse width
modulation (PWM) signal.
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7. A system for performing closed loop control of a
variable geometry turbocharger according to claim 6,
further comprising:

VGT actuator differential means for producing a
differential signal egual to the difference between
said target VGT actuator pressure signal and said
sensor output VGT actuator pressure signal; and

intake manifold pressure differential means for pro-
ducing a differential signal equal to the difference

between said target intake manifold pressure signal
and said sensor output intake manifold pressure
signal;

said means for developing an actuator control signal

comprising a proportional-integral-derivative
(PID) controller which produces a PWM signal as
a function of one of said differential signals pro-
duced by said VGT actuator differential means and
said intake manifold pressure differential means, 1n
accordance with the determined engine operating
state. |

8. A system for performing closed loop control of a
variable geometry turbocharger according to claim 7,
wherein said means for developing an actuator control
signal further comprises means for optimizing said
PWM signal from said PID controller as a function of
power supply voltage and sensed VG'T actuator pres-
sure.

9. A system for performing closed loop control of a
variable geometry turbocharger according to claim 7,
wherein said PID controller uses said intake manifold
pressure differential signal to produce said PWM signal
when said engine is determined to be operating in a
steady state, and said PID controller uses said VGT
actuator pressure differential signal to produce said
PWM signal when said engine 1s determined to be oper-
ating in a transient state, said system further comprising:

means for storing said VGT actuator pressure differ-

ential signal as a function of engine speed and en-
gine load sensor output signals during steady state
control of said VGT, upon said intake manifold
pressure differential signal substantially reaching
zero; and

means for adding said stored VG actuator pressure

differential signal to the VGT actunator pressure
differential signal produced by said VGT actuator
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differential means during transient state control of
satd VGT.

10. A system for performing closed loop control of a
variable geometry turbocharger according to claim 7,
wherein said PID controller uses said intake manifold
pressure differential signal to produce said PWM signal
when said engine is determined to be operating 1n a
steady state, and said PID controller uses said VGT
actuator pressure differential signal to produce said
PWM signal when said engine is determined to be oper-
ating in a transient state, said system further comprising:

means for comparing said VGT actuator pressure

differential signal to a predetermined maximum
error value during steady state control of said
VGT when said intake manifold pressure differen-
tial signal is other than zero; and

means for preventing said PID controller from pro-

ducing a PWM signal exceeding a predetermined
maximum turbine velocity to prevent damage to
the turbine.

11. A system for performing closed loop control of a
variable geometry turbocharger according to claim 3,
wherein said means for outputting a target VGT actua-
tor parameter value and a target intake manifold param-
eter value comprises at least one look-up table memory.

12. A closed loop method for continuously control-
ling a variable geometry turbocharger (VGT) utilized
in an internal combustion engine, comprising the steps
of:

detecting selected engine operating parameters in-

cluding a VGT actuator parameter and an engine
intake manifold parameter, and generating output
signals representative thereof;

outputting a target VGT actuator parameter value

and a target intake mantfold parameter value based
on the values of selected sensor means output sig-
nals:

determining whether said engine is in a steady state or

a transient state of operation based on the values of
selected sensor means output signals;

developing an actuator control signal based on one of

said target parameter values as a function of the
determined engine operating state; and

changing the geometric configuration of said VGT 1n

response to said actuator control signal.
* %x %X X i
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